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1. Introduction 
Quality has become one of the core factors for almost all manufacturing and service 
companies that aim to achieve customer satisfaction. Therefore, improving quality is 
considered to be one of the efforts that companies consider a must to attain customer loyalty 
in today’s complex global competitive environment. Studies concluded that any serious 
endeavour to improve quality will lead to an increase of cost of the product or service. 
Obviously, improving quality has its own costs. As a result, measuring cost of quality is 
very important as it provides valuable insights into the different cost of quality components. 
Thus, favourable returns on investment maybe achieved. For this fact, the quality cost 
concept was introduced and implemented in many manufacturing and service companies. 
The first model of cost of quality was introduced by Feigenbaum (1956) known as the P-A-F 
model which consists of prevention, appraisal and failure cost. Feigenbaum (1991) 
categorized the model into two major areas: costs of control (costs of conformance), and 
costs of failure of controls (costs of non-conformance), which since then used by numerous 
research studies (for example, Sumanth and Arora (1992), Burgess (1996), Purgslove and 
Dale (1995), Gupta and Campbell (1995), Chang et al. (1996), Sorqvist (1997)).  
Most of the reported literature does not provide a single universal definition for cost of 
quality (Dale and Plunkett (1999)). However, cost of quality is usually best understood in 
terms of the sum of costs of conformance and the costs of non-conformance which was first 
introduced by Crosby (1979). Here, cost of conformance is known as the costs associate with 
quality requirement for achieving specific quality standards for a product or service. On the 
other hand, cost of non-conformance is known as the cost of failure to deliver the required 
standard of quality for a product or service. From the voluminous literature, one may 
categorized the cost of quality models into five generic models which are: P-A-F model, 
Crosby model, opportunity or intangible cost model, process cost models and ABC (activity 
based costing) model. Traditional cost accounting approaches typically used to measure cost 
of quality has been reported in the literature to have serious limitations when dealing with 
the components of intangible costs (see Son (1991), Chiadamrong (2003) and Sharma (2007)). 
As  manufactures continue to improve their factories, they discover that existing  cost 
measure systems should be updated and no matter how sophisticated and reliable these 
economic evaluation measure maybe, such problems still remain if unreliable cost 
information is not obtained as inputs for these economic evaluation, Chiadamrong (2003). 
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It is true to state that cost of quality modelling will provides more accurate approach to 
determine the cost involved in any quality control activities. However, the challenge does 
not end here. The cost of quality model must be used to determine the cost of improving 
activities associated with quality control strategies introduced to improve customer 
expectations. Therefore, a realistic cost of quality estimation could be determined that allows 
managers to show the economic benefit or otherwise of that specific quality control strategy. 
In other words, a quality control improvement strategy can only be justified if the increase 
in profitability is sufficient to cover the costs involved in the implementation. Once the cost 
of quality model is developed, a simulation can be used to determine the impact of any 
quality control strategy that a company wish to investigate. Among the strategies that 
manufacturing companies may consider investigating would be the allowable defect rate in 
some process or operations. In this case, simulation could be used to calculate the impact of 
defective rate of that operation on the overall profitability and productivity of the 
manufacturing system. Moreover, simulation could be used to study the system before and 
after some quality control improvement policy. Once the study is completed, a true picture 
about the cost of that policy could be determined as well as the impact of that policy on the 
overall defect rate. 
This chapter is organized in the following manner; the literature review is presented in 
section 2 and followed by cost of quality model in section 3. Problem and solution 
methodology are presented in section 4. Experiment design and model verification, results 
and discussions are presented in sections 5 and 7 respectively. Finally, conclusions are 
presented in section 7. 
2. Literature review 
In its simplest definition of cost of quality, the American Society for Quality Control (ASQC 
(1971)) and the BS6143 Part 2 (1990) define cost of quality as the costs incurred in ensuring 
quality, together with the loss incurred when quality is not achieved. Feigenbaum (1956, 
1961) introduces the so called PAF model in which cost of quality was classified into four 
components, prevention, appraisal and failure (internal and external) costs. In Plunkett and 
Dale (1987) survey, it is stated that literature suggests that most of the researchers use the 
PAF model for measuring cost of quality. However, Schiffauerova and Thomson (2006) 
reported that PAF model concept is not the only one since other models were found in the 
literature to be developed, discussed and used as detailed in Table 1. It is worth noting that 
Table 1 was originally developed by Schiffauerova and Thomson (2006) and updated by the 
authors. 
The importance of cost of quality has been reported in many research works, Moyer and 
Gilmore (1979) reported that cost of quality could reach as high as 38% of sales and Albright 
and Roth (1992) estimated that the cost of quality may represents 30% of all manufacturing 
costs in the United States. Moreover, Harry and Schroeder (2000) asserted that most 
companies would find that cost of quality, if properly evaluated, falls somewhere between 
15 and 25% of total sale-rather that 3-7% that often assumed. In other study, Giakatis et al. 
(2001) report that cost of quality represents considerable portion of company’s total costs. 
More recently, Kent (2005) estimated that the turnover rates faced by companies are 
between 5 to 15% of the overall cost of quality. The benefits of implementing cost of quality 
system in any profitable organization has been reported extensively in the cost of quality 
literature, for example, Prickett and Rapley (2001) highlighted four common benefits that 
any organization is bound to gain from implementing cost of quality system :(1) it will be 
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Generic model Cost/ activity categories 
Examples of publications 
describing, analyzing or 
developing the model 
 
P-A-F models 
 
Prevention + appraisal + 
failure 
 
Feigenbaum (1956), 
Purgslove and Dale (1995), 
Merino (1988), Chang et 
al.(1996), Sorqvist (1997), 
Plunkett and Dale 
(1988),Tatikonda and 
Tatikonda (1996), Bottorff 
(1997), Gupta and Campbell 
(1995), Burgess (1996), 
Dawes (1989), Sumanth and 
Arora (1992), Morse (1983), 
Weheba and Elshennawy 
(2004), etc. 
 
Crosby’s model 
 
Conformance + non-
conformance 
 
Suminsky (1994) and Denton 
and Kowalski (1988) 
 
Opportunity or intangible 
cost models 
 
Prevention + appraisal + 
failure + opportunity 
 
 
Conformance + non-
conformance + opportunity 
 
Tangibles + intangibles 
 
P-A-F (failure cost includes 
opportunity cost) 
 
Sandoval-Chavez and 
Beruvides (1998) and 
Modarres and Ansari (1987) 
 
 
Carr (1992) and Malchi and 
McGurk (2001) 
 
 
Juran et al.(1975) 
 
Heagy (1991) and 
Chiadamrong (2003) 
 
Process cost models 
 
Conformance + non-
conformance 
 
Ross (1977), Marsh (1989), 
Goulden and Rawlins (1995), 
Crossfield and Dale (1990) 
ABC models 
Value added + non-value 
added 
Cooper (1988), Cooper and 
Kaplan (1988), Tsai (1998), 
Jorgenson and Enkerlin 
(1992), Dawes and Siff (1993) 
and Hester (1993) 
Table 1. Generic cost models and cost categories adopted from Andrea and Thomson (2006). 
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able to focus upon areas of poor performance  that need improvements, (2) it will have the 
opportunity to monitor the progress of ongoing improvement activities, (3) it will have an 
opportunity to plan for quality improvement and (4) it will be able to communicate  better 
within the organization for improving the overall of the quality control. 
Moreover, Schiffauerova and Thomson (2006) in their extensive literature review on cost of 
quality indicate that companies that use cost of quality programs have been quite successful 
in reducing cost of quality and improving the quality for the customer. 
Although the impact of implementing cost of quality systems on increasing profit of any 
organization is obvious, Yang (2008) reported that the literature on cost of quality systems 
implementation indicates that most of companies do not know the true cost of their own 
quality. Despite that  82% of companies in the United Sates are involved in quality 
programs, only 33% actually compute the cost of quality (Harry and Schroeder, 2000), and in 
north-east England 66% of organization do not make use of quality costing  as reported by 
Prickett and Rapley (2001). Some studies have highlighted reasons for the lack of 
implementing cost of quality systems in practice, Harry and Schroeder (2000) state that 
many significant quality related costs cannot be captured by most types of accounting 
systems. Chen and Yang (2002) related the difficulties to measure cost of quality to the fact 
that there is a lack of adequate methods for determining the financial consequences of poor 
quality. Moreover, Chiadamrong (2003) has concluded that there is a widespread belief that 
quality cost cannot be measured in practical terms because traditional cost accounting 
systems have not been adapted to quantify the value of quality. The need for quantifying 
cost of quality as stated by Yang (2008) and has been reported in the literature by many 
researchers, (Feigenbaum (1956); Juran (1952, 1989); Krishnan et al. (2000); Giakatis et al. 
(2001); Prickett and Rapley (2001), Chen and Yang (2002). However, there are evidences in 
the literature that clearly indicate that quantifying cost of quality has been neglected by 
most of organization (Harry and Schroeder (2000) and Omachonu et al. (2004)).  
Quality performance is not something that can be readily altered in practice therefore one 
cannot test with the actual system. Most of the operations system are interconnected and 
subjected to both variability and complexity. Hence it is impossible to predict the 
performance of operation systems that are potentially subjected to variability, 
interconnectedness and complexity. Simulation has been used to overcome this problem and 
to investigate on the effect of quality loss financially and also examines the effect of different 
quality strategies on the financial aspect. Simulation provides a flexible technique to model 
an extensive array of issues that arise relating to quality and manufacturing. The flexibility 
of simulation methods permitted the invention of models with greater complexity than 
analytical techniques. Burgess (1996) constructed a simulation model based on system 
dynamics nature where the model was incorporated with the traditional P-A-F element. The 
model has facilitated the precise examination of the major relationships concerning 
conformance quality and costs at the organizational level. Gardner et al. (1995) examines the 
quality improvement in a manufacturing system by using simulation approach. The 
modelling was more complicated as it allows the defective parts to move along the assembly 
operations to examine the impact on the profitability and productivity. 
Tannock (1995, 1997) emphasizes the significance of process capability in the selection of 
quality control strategy and revealed the economic advantages of control charting where 
special or assignable causes exist. Clark and Tannock (1999) investigate the use of simulation 
model to estimate the quality cost associated with multi manufacturing system setup and 
quality control strategies. This approach was validated and aligned with actual costs at a 
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case study company. Although there are voluminous literatures written on cost of quality, 
very few literatures were written on tracing the invisible element of cost of quality and also 
the method in measuring the element of cost of quality.  
The literature review presented so far indicates that estimating cost of quality is not a simple 
and straight forward issue. Moreover, the literature shows that there are several methods 
that can be used to determine cost of quality. Moreover, simulation stands as a favourite 
approach that might be used to investigate quality improvements justification in terms of 
profitability for a specific cost of implantation. Obviously, cost of quality model must first be 
developed and then simulation is followed to investigate the impact of some quality 
strategies and or improvements.  
3. The cost of quality model 
In this section of the chapter we, intend to provide a brief description of the model 
developed by Son and Lie (1991) and the way it was modified to be suitable for our research 
idea. First, the notations of the model are presented. 
Notations 
t sampling interval 
n sample size per sampling 
Θ average number of assignable cause per hour 
d1 mean time spent to identify an assignable cause 
d2 mean time spent to correct an assignable cause 
g time required to sample a product  
to time inspection of the acceptance sampling 
cas cost of investigating acceptance sampling 
Γ probability of process in control state 2 
β Probability of process in control state 2 
Ǖ time taken for assignable cause to occurs 
T1 in control period 
T2 time period until the assignable is detected for the first time 
T3 time required to investigate the true alarm 
T4 time to correct the assignable cause 
3.1 Description of the model 
Son and Lie (1991) considered a small manufacturing system which consists of a machining 
area (sampling inspection) and a final inspection area (100% inspection) as indicated in 
Figure 1.  However; they assume that 100% inspection is not always possible. They 
explained that a complete check of a component part may require the part removal from the 
fixture; the removal makes it difficult to realign the part to its original position. 
Therefore, they assume that sampling inspection is assumed for component parts (in-
process inspection), and 100% inspection for finished parts (final inspection). Throughout 
the machining process, the feature of the product quality is monitored by an x-bar chart 
which consists of a center line, lower, limit and an upper limit. A sample size in use is taken 
and inspected at a specific time interval.  During machine process, when the sample mean 
fall outside of the control limit in the x-bar chart, an investigation is made during an average 
time period to check if the alarm is true or false.  The false alarm occurs if the process is in 
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Fig. 1. Simplified manufacturing system. 
control and on the other hand, the true alarm occurs if an assignable cause of specific 
magnitude makes the process out of control. In their modelling, first they calculate the cycle 
time, and then quality cost (prevention and failure) per cost was determined. In the next 
section, equations for all components are stated, obviously, readers interested in the detail 
steps of deriving these equations should referred to the original article. 
3.1.1 Cycle time calculations 
The assignable cause occurs according to the Poisson process with mean rate Θ. The period 
of the process is in control is represented by T1. T1 follows an exponential distribution with 
mean 1/Θ. 
The expected length of a cycle; 
 E(Tc) = E(T1) + E(T2) + E(T3) + E(T4)   (1) 
Which can be obtained using equation 2 
 = 1/Θ + (t + tΓ/(1-β)-Ǖ) +  (gn + d1) + d2  (2) 
3.1.2 Prevention cost per cycle 
There are three types of prevention costs that occur at the machining area during a cycle of 
time. The first cost is associated with inspection works and denoted as (Cp1), the second cost 
is representing the cost of investigating the false alarms (Cp2), and the third cost is associated 
with adjusting the assignable cause (Cp3). Then, the expected prevention cost per cycle (Cp) 
can be determined by summing up these three components as in equation 3. 
 E(Cp) = E(Cp1) +E(Cp2) + E(Cp3)  (3) 
3.1.3 Failure cost per cycle 
The failure cost has three components; the first component is the cost of rework per cycle 
(Cf1), the second component is the scrap cost per cycle (Cf2) and the third component is the 
external failure cost during a cycle of time (Cf3). Then, the expected failure cost per cycle (CF) 
can be determined by summing up these three components as in equation 4. 
 E (CF) = E(Cf1) + E(Cf2) + E(Cf3) (4) 
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3.1.4 Acceptance sample cost per cycle 
Costs associated with sampling inspections prior entering the manufacturing system are not 
considered in the model developed by Son and Lie (1991). Our idea consists of the fact that 
companies often receive a shipment of material from a supplier and need to ascertain that 
the quality of the shipment. If it is impractical to inspect every item in the shipment, then a 
sampling plan is the (n, c) is used. In this plan, n items are chosen (without replacement) 
from a batch of shipped material. If c or fewer of the sample items are defective, then the 
batch is accepted; otherwise, the batch is rejected. Therefore, there will be a cost incurred 
during inspection of the sample before entering the manufacturing system. The expected 
number of samples entering the manufacturing system is n whereas to is representing the 
time taken to inspect the sample. Let (CaS) be the cost of investigating acceptance sampling 
during a cycle of time. Then the expected cost associated with this activity is given by 
equation 5. 
E (CA) = Casnto (5) 
Hence, the total cost of quality can be represented by summing up all the cost components 
(1) through (5) and is presented by equation 6. 
E (CQ) = E(CP) + E(CF) + E(CA)  (6) 
Where E(CP) is representing the prevention cost, E(CF) is representing the failure costs and 
E(CA) is representing the acceptance sampling costs. 
4. The problem and solution methodology  
The improvement made to the cost of quality model developed by Son and Lie (1991) that 
was described in section 3.1.4 adds acceptance sampling plans. Almost all quality control 
managers in the manufacturing firms develop and implement such plans. As a result an 
element of appraisal cost is incurred prior to the commencement of the production activities. 
Moreover, unlike the work reported by Son and Lie (1991) that consider a single stage 
manufacturing system, this research work considers a two-stage manufacturing system. 
Therefore, the problem considered by this chapter can be described as: : a manufacturing 
system that consists of two stages, incoming raw materials inspection carried out according 
to some quality plan and as a result an element of appraisal cost in incurred prior to the 
commencement of the production activity.  Once orders are realized by the company, raw 
materials are brought into the shop floor and at this stage; preventive and failure costs are 
incurred. In order to investigate the cost of quality for this manufacturing system, we have 
adopted the four strategies for inspection and removal of defectives across a range of 
detection rates reported by Gardner et.al (1995). The strategies are summarized in the 
following manner: 
1. Inspection and removal of defectives based on acceptance sampling prior to assembly 
points 
2. Inspection and removal of defectives at completion of finished product only, 
3. Inspection and removal of defectives prior to assembly points, 
4. Inspection and removal of defectives following every operations, and 
The motivation for creating the above strategies (quality control decisions) and then using 
simulation tool is to investigate the impact of these strategies on cost of quality. One may 
conclude that the result of implementing any of these decisions is obvious. For example, the 
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strategy that calls to carry out the inspection works at the final stage of the production and 
then removal of defectives will minimize the inspection costs, however, the increase of 
defectives at the final stage of manufacturing is inevitable. Moreover, inspection and 
removal of defectives prior to the assembly line will increase the quality prevention cost 
component and indirectly reduce the failure cost component. However, without the 
development of the cost of quality model and the simulation works, the magnitude of cost 
of quality could not be determined and the impact would not be known. It is not a secret 
that many firms sacrifices parts of the quality control steps under pressure to reduce cycle 
time. 
Once the cost of quality model and its three components is developed, a simulation model 
using @Risk spreadsheet simulation software is developed for the two-stage process. The 
popularity using spreadsheet technology among practitioners justifies the use of the 
proposed @Risk simulation software. 
5. Experiment design  
Inspection time was considered as the main factor for calculating cost of quality. This is 
important as in real-life manufacturing systems; production line managers consider cycle 
time to be an important factor. Moreover, quite often, quality control activities or part of the 
activities would be sacrificed in order to attain a desired cycle time. 
In order to simplify the experiment, it was decided to use the same fractions of defective rate 
to every operation in the manufacturing system for a given trial. The fractions of defective 
rate are divided into five categories: .001, 0.005, 0.010, 0.050 and 0.100. Every trial will run 
for about 10000 times of the simulation runs as indicated in Table 2. 
 
Inspection and 
defective removal 
strategies 
Fraction Detection per Operation 
0.001 0.005 0.01 0.05 0.1 
Acceptance 
sampling 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
Completion of 
finish product 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
Prior to assembly 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
Following every 
operation 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
10000 
run 
Table 2. Experiment design for simulation run. 
Therefore there will be twenty combinations of strategies and defective rates. All the 
combinations will run for 10000 iterations each. It is worth to note that during the design of 
the sampling acceptance procedure, it was assumed that the company would receives a 
batch of 10,000 items which require assembly activities using processes one and two 
respectively. Moreover, it is assumed that the quality engineers have developed a quality 
plan which is described as the (n, c) plan. In an (n, c) plan, n items are chosen (without 
replacement) from the batch of shipped material whereas c is the maximum number of 
defective items that a sample could have. If the number of the defective items in the sample 
is fewer or equal to c, then the batch is accepted otherwise the batch is rejected. For example, 
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in process 1, a sample of 90 items will be inspected and the entire 1000 items are accepted if 
0, 1, 2, 3, 4, or 5 defective items are found in the sample otherwise the batch is rejected.  
On the other hand, for process 2, a sample of 40 items will be inspected and the entire batch 
will be accepted if 0, 1, 2 or 3 defective items are found in the sample otherwise the batch 
will be rejected. The idea here is to set the Actable Quality Level (AQL) to be equal to 1% 
and the Lot Tolerance Percentage Defective (LTPD) to be equal to 5%. Once AQL and the 
LTPD are set, a simulation run is carried out to determine the cost of quality associated with 
the quality control strategies (decisions) detailed in section 4 in this chapter. It is worth 
noting and as indicated earlier, the process under consideration consists of two processes. In 
order to avoid computational complexities; it was decided to apply and conduct simulation 
runs for each management strategies to each process separately and then combined the two 
processes to examine the overall findings. The numerical values which were used in the 
simulation model are portrayed in Tables 3 and 4. 
 
Manufacturing system 
 Process 1 Process 2 
Symbol  Value  Value  
Average number of assignable cause per 
hour  
Θ 0.001 0.001 
Lower specification level LSL 0.79 0.99 
Upper specification level USL 0.81 1.01 
Average height of the product population µ 0.80 1.00 
Standard deviation of the product 
population 
ǔ 0.007 0.015 
Magnitude of an assignable cause δ 5 7 
Value to decide control limit q 3 7 
Sampling interval t 5 20 
Sample size per sampling n 90 40 
Mean time spent to identify an assignable 
cause 
d1 0.5 0.5 
Mean time spent to correct an assignable 
cause 
d2 2 2.5 
Time required to sample a product g 0.05 10 
Table 3. Numeric values for processes 1 and 2. 
Strategy 1. Inspection and removal of defectives based on acceptance sampling prior to 
assembly points. 
This quality control strategy calls for the removal of defectives at the sampling stage and no 
quality control to be conducted after that stage. The total cost of quality associated with this 
strategy would be determined based on the following equation: 
 TCOQ1= Casnto  
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Manufacturing system 
 Process 1 Process 2 
Symbol  Value  Value  
Number of products produced at the 
machining area per hour 
N 40 20 
Error rate of misclassifying a good part into 
bad 
e1 0.01 0.01 
Error rate of misclassifying a bad part as 
good 
e2 0.005 0.005 
Rate of restoring a defect to a good part w 0.95 0.95 
Fixed sampling cost per sampling interval a1 25 30 
Variable sampling cost per unit product a2 8 5 
Cost of investigating a false alarm Cfs 80 80 
Cost of correcting an assignable cause Ccr 150 150 
Cost of reworking a good part because of 
misclassification 
Cg 100 100 
Cost of reworking a defective part Cb 200 200 
Cost of scrapping a defective part that 
cannot be restored 
Cs 75 75 
Cost of dissatisfying a customer by selling a 
defective part 
Ca 100 100 
Table 4. Numeric values for processes 1 and 2. 
Strategy 2. Inspection and removal of defectives at completion of finished product only. 
This strategy calls for inspection of items among completion of the two processes. Therefore, 
it means that there will be no quality control during the process of making the products. 
Hence, the cost of quality that will be incurred in this strategy is meanly failure costs. 
However, it is assumed here that samples have to undergo visual inspection before the 
items enter into the manufacturing system. Therefore, the total costs of quality associates on 
this strategy are; 
 TCOQ1 =E(CA) + E (CF) = E(CA) + E(Cf1) + E(Cf2) + E(Cf3)   
Strategy 3. Inspection and removal of defectives prior to assembly points. 
This strategy requires that items must be inspected and defectives are removed prior to 
assembly. In this case, since the inspection is done at the end of the process, the cost of 
quality is simply the prevention cost which is incurred during inspection of the material. 
However, parts with defects could be produced since there is no quality control during and 
at the end of the assembly. Therefore, there will be some failure costs which is required to 
convert defective items into good items. Moreover, inspection costs before the items enter 
the manufacturing system have to be considered. Therefore, the total costs of quality 
associates on this strategy are; 
 TCOQ2 = E(CA) + E(Cp1) + E(CF)= E(CA) + E(Cp1) + E(Cf1) + E(Cf2) + E(Cf3)  
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Strategy 4. Inspection and removal of defectives following every operations. 
This strategy calls for inspection and removal of defectives following every operation. 
Hence, the inspection will take place at the end of every operation to determine if there are 
defectives and perform the necessary corrections (rework). As a result, there will be an 
element of failure costs. Moreover, since the system includes inspection costs before items 
enter the manufacturing system, an additional inspection cost will be incurred. The total 
costs of quality associates on this strategy are; 
 TCOQ3 = E(CA) + E(Cp1)  + E(Cp2) + E(CF)= E(CA) + E(Cp1)  + E(Cp2) + E(Cf1) + E(Cf2) + E(Cf3)  
Each mathematical model that describe each strategy is developed in MS Excel spreadsheet 
for each process separately and then for the combinations of the two stages. The simulation 
software @Risk is imbedded and a simulation of 10000 iterations is carried out. This way, 
the impact of each of the strategy can be investigated and the impact on cost of quality can 
be determined. 
6. Model verification, results and discussions 
6.1 Model verification 
A problem of model verifications arises when using simulation approach in decision 
evaluation. The literature referred to model verifications procedure developed by Naylor 
and Finger (1967) that ensures the developed model is free from any illogical error. In order 
to accomplish the task, the formulation and its parameters provided by Son and Lie (1991) 
were used to compute the prevention and failure costs reported by the authors. A 
simulation run was carried out and the results of the simulation model were compared with 
the results reported by Son and Lie (1991). The results are presented in Table 5. 
 
Son and Lie (1991) results The Simulation results 
Total 
length of  
a cycle, TC  
(hours) 
Prevention 
cost per 
cycle, CP ($) 
Failure cost 
per cycle, 
CF ($) 
Total 
length of  a 
cycle, TC  
(hours)
Prevention 
cost per 
cycle, CP ($) 
Failure cost 
per cycle, 
CF ($) 
E[T1]= 
100.00 
E(CP1]= 
$312.83
E(CF1]= 
$3292.96
E[T1]=
100
E(CP1]= 
$312.83
E(CF1]= 
$3292.96 
E[T2]= 
4.28 
E[CP2] =
$2.63
E[CF2]= 
$214.21
E[T2]= 4.28 
E[CP2] =
$2.63
E[CF2]= 
$214.21 
E[T3]= 
0.55 
E[CP3]= 
$100.00
E[CF3]= 
$32.29
E[T3]=
0.55
E[CP3]= 
$100.00
E[CF3]= 
$32.29 
E[T4] = 
2 
  
E[T4] =
2
  
E[TC]= 
106.83 
E[CP]= 
$415.46
E[CF]= 
$3539.46
E[TC]= 
106.83
E[CP]= 
$415.46
E[CF]= 
$3359.46 
Table 5. Comparison results. 
Table 5 indicates that the results obtained from the simulation model match exactly the 
results reported by Son and Lie (1991). The results from this finding indicate that the 
simulation model is an accurate presentation of that reported by Son and Lie (1991). Hence, 
it is concluded that the model is ready for investigation the evaluating the quality control 
decisions. 
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6.2 Results and discussions 
6.2.1 Acceptance sampling prior to assembly points 
As indicted earlier, the quality control engineers develop quality control plan. 
In this inspection as mentioned in section 4, the quality control engineers have developed a 
quality control plan based on the concept of producer’s risk which is related to  acceptable 
quality level (AQL) and the consumer’s risk which is related to tolerance percentage 
defective (LTPD). 
The summary of the statistics that resulted from the simulations runs shows that the mean 
was found to be equal to 0.994 with a tile of 15% and the maximum is equal to 1 with a tile 
of 5%. Since it was concluded that the sample is good, since 99.94% of the sample is within 
1% of defectives, then the items are considered to be acceptable. On the other hand, the 
remaining 0.06% of the sample contributes to produce risk. This means that the plan has a 
risk of losing 0.06% of good sample. It is worth noting that the skewness has a negative 
value that is -40.7941969 indicating that distribution of the sample exceedingly to the left.  
 
 
Fig. 2. Distribution of acceptance sampling for AQL. 
 
 
 
Fig. 3. Distribution of acceptance sampling for LTPD. 
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Figure 2 was constructed to display the summary statistics, the mean value for the 
acceptable quality level (AQL) over the tile percentage. From the chart it could be seen that 
the mean of the sample is equal to 0.9994 which very close to the value of 1 which indicate 
that the risk is equal to 0.00006. 
As for the risk associated with low tolerance percentage defect (LTPD), the statistics 
summary results indicate that the mean has a value of 0.8622 which says that 86.22% of the 
sample size has defects and would be accepted as good parts. Therefore, such situation 
indicates that the risk would be about 86.22% of the sampling plan. Figure 3 summarizes the 
summary statistics. In Figure 3, the distribution is skewed towards the right represents the 
lot tolerance percentage defects with a mean of 86.22%. 
6.2.2 Inspection upon completion of assembly  
In this case inspection and removal will took place upon completion of assembly activities. 
Simulation runs resulted in obtaining the cost of quality associated with strategy of 
inspection upon completion of assembly activities at each level of defects rate per operation 
is presented in Table 6.  
 
Cost of Quality (x 1000) 
Defective rate 
per operation 
(%) 
Time interval (t, hr) and time inspection of a product (g, hr), Cost is in 
MU=Monetary Unit 
t=20 
g=10 
t=17 
g=9 
t=15 
g=8 
t=10 
g=7 
t=8 
g=6 
0.001 3558.95 3398.49 3239.98 3075.65 2917.15 
0.005 1989.88 1829.28 1670.68 1506.19 1347.65 
0.01 1794.33 1633.55 1474.85 1310.16 1151.55 
0.05 1642.42 1480.26 1320.76 1154.48 995.41 
0.10 1628.56 1464.93 1304.54 1136.43 976.81 
Table 6. Cost of quality at different values of defect rate, time interval and inspection time. 
Table 6 reveals the total cost of quality is decreasing as we move towards the right side of 
the table. The reason for that is the fact that the more time is allocated for inspection work, 
the more of the defects will be found. This finding could be seen for example when 
considering the total cost at 0.001 defects rate at interval time of 20 hours and inspection 
time for 10 hours. Considering that example reveals that the cost has decrease by 27%. 
Moreover, Table 6 indicates that the maximum impact on total cost of quality resulted from 
implanting this strategy occurred at defect rate 0.001 with time equal to 20 hours and 
inspection time of 10 hours. On the other hand, the minimum cost of quality occurs at a 
defect rate of 0.10 with 8 hours interval time of inspection. The total cost of quality 
behaviour at various interval times for each defect rate is presented in Figure 4. 
Figure 4 reveals that there is a large gap between the curve for the defects rate at 0.001 and 
the curve represents the defect rate at 0.005. As it could be seen, there is a drastic drop and 
the drop is due to the increase of the defects that will cause the time taken to inspect the 
defect is shorter and thus the time to correct the assignable cause shorter. Hence, it will 
reduce the total cost of quality in this situation compared to the lower defect rate. Moreover, 
the difference of the total cost of quality at defect rate of 0.05 and defect rate of 0.10 is small.  
Therefore, the curves represent this defect rate is overlapping with each other’s and the 
curve that represents the defect rate of 0.10 has the smallest total cost of quality.  
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Fig. 4. Cost of quality behaviour at various interval times for each defect rate. 
6.2.3 Inspection prior to assembly operations 
This quality control strategy calls for inspection to be carried out at the commencement of 
the assembly process; the cost of quality at various defective rates and inspection interval 
times is presented in Table 7. 
 
Cost of Quality (x 1000) 
Defective rate 
per operation 
(%) 
Time interval (t, hr) and time inspection of a product (g, hr), Cost is in 
MU=Monetary Unit 
t=20 
g=10 
t=17 
g=9 
t=15 
g=8 
t=10 
g=7 
t=8 
g=6 
0.001 3073.71 2937.75 2803.23 2669.58 2539.01 
0.005 1715.11 1577.40 1441.37 1301.44 1166.24 
0.01 1545.79 1407.72 1271.42 1130.55 994.72 
0.05 1414.24 1274.82 1137.69 994.84 858.15 
0.10 1402.23 1261.52 1123.60 979.09 841.87 
Table 7. Cost of quality at different values of defect rate, time interval and inspection time. 
Table 7 reveals that the maximum total cost of quality occurs at defect rate of 0.001 and time 
interval of 20 hours and inspection time of 10 hours. On the other hand, the minimum total 
cost of quality occurs at defective rate of .10, time interval of 8 hours and inspection time of 
6 hours. As it could be noticed that as the time of inspection become shorter, total cost of 
quality is reduced. The relationship between total cost of quality, the time interval and 
defective rate is presented in Figure 5.  
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Fig. 5. Cost of quality behaviour at various interval times for each defect rate. 
6.2.4 Inspection following every assembly operations 
This strategy calls for inspection works to be carried out at the end of the process for every 
operation. The cost of quality at various defective rates and inspection interval times is 
presented in Table 8. 
 
Cost of Quality (x 1000) 
Defective rate 
per operation 
(%) 
Time interval (t, hr) and time inspection of a product (g, hr), Cost is in 
MU=Monetary Unit 
t=20 
g=10 
t=17 
g=9 
t=15 
g=8 
t=10 
g=7 
t=8 
g=6 
0.001 3062.25 2924.25 2787.93 2646.61 2510.30 
0.005 1712.85 1574.73 1438.34 1296.88 1160.53 
0.01 1544.67 1406.40 1269.92 1128.29 991.88 
0.05 1414.03 1274.57 1137.40 994.40 857.61 
0.10 1402.11 1261.39 1123.45 978.88 841.60 
Table 8. Cost of quality at different values of defect rate, time interval and inspection time. 
Table 8 reveals that the maximum total cost of quality occurs at defective rate of 0.001, 
interval time of 20 hours and inspection time of 10 hours. On the other hand, the minim total 
cost of quality occurs at defective rate of 0.10, time interval of 8 hours and inspection time of 
6 hours.. The relationship between total cost of quality, the time interval and defective rate is 
presented in Figure 6. 
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Fig. 6. Cost of quality behaviour at various interval times for each defect rate. 
Figure 6 reveals that as defective rate per operation is increased, the total cost of quality 
decreases. This is because as the defective rate is increased, the time taken to detect the 
defect becomes shorter. Hence, the time taken to convert the process out of control to in 
control state will be shorter and finally the impact of cost of quality will be smaller. 
In order to provide a good picture to the reader, Figure 7 was developed and a graphical 
presentation that shows the relationship between total cost of quality, and detection rate per 
operation. 
 
 
Fig. 7. Cost of quality for the four strategies. 
Figure 7 indicates that total cost of quality is at its maximum value when the detection rate 
is zero, and then steadily decreased as the window of inspection increases. Moreover, 
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inspection following every assembly operations has the lowest total cost of quality. This is 
because as the appraisal cost increases, the failure costs will simultaneously reduced since 
less defect rate occurs and hence less items is sent for rework. 
6.2.5 Investigation of strategies combination  
Since simulation modelling can provide a window of opportunity to investigate important 
quality control decisions and their impact on cost of quality. It is thought that the quality 
control management may wish to consider some combination of strategies for each process 
rather than having a single strategy for the whole assembly process. In this case, one has to 
determine the possible quality strategies combinations that could be considered for the 
simulation run. Let R be the possible strategies combination outcome, then we would have: 
 R = ∑Si, j (7) 
Where 
i = A strategy in process 1          i = 1, 2, 3, 4 and j =  A strategy in process 2             j = 1, 2, 3, 4 
 
Inspection 
and 
defective 
removal 
strategies 
Fraction Detection Rate per Operation 
0.001 0.005 0.01 0.05 0.1 
S1,1 4,845.07 2,137.34 1,651.57 1,224.13 1,023.91 
S1,2 4,854.02 2,141.85 1,655.16 1,226.89 1,026.21 
S1,3 4,368.78 1,889.97 1,451.73 1,067.25 891.27 
S1,4 4,357.32 1,887.30 1,450.23 1,066.82 891.01 
S2,1 4,848.23 2,138.03 1,651.92 1,224.21 1,023.93 
S2,2 4,857.18 2,142.53 1,655.51 1,226.97 1,026.23 
S2,3 4,371.95 1,890.65 1,452.08 1,067.32 891.30 
S2,4 4,360.48 1,887.98 1,450.58 1,066.89 891.03 
S3,1 4,622.03 2,090.06 1,630.57 1,217.32 1,023.83 
S3,2 4,630.98 2,094.56 1,634.16 1,220.08 1,026.13 
S3,3 4,145.74 1,842.68 1,430.73 1,060.44 891.20 
S3,4 4,134.28 1,840.00 1,429.23 1,060.01 890.93 
S4,1 4,472.97 2,052.62 1,605.53 1,209.65 1,016.16 
S4,2 4,481.93 2,057.12 1,609.12 1,212.41 1,018,.47
S4,3 3,996.69 1,805.25 1,405.69 1,052.76 883.53 
S4,4 3,985.23 1,802.57 1,404.19 1,052.33 883.26 
Table 9. Total cost of quality for the assembly system. 
Table 9 shows all possible quality strategies combinations with their respective cost at each 
selected fraction detection rate for each operation. As it could be seen from Table 9, the 
combination of {2, 2} strategies have caused the system to incur the largest cost of quality. 
This is the case when the management decided to use the quality strategy in which quality 
control inspection work is only to be carried at the end of the production runs. On the other 
hand, one can see from Table 9 that that adopting combination of {4, 4} strategies have 
caused the system to incur the least cost of quality. As it could be easily seen that {4, 4} 
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strategies calls for quality control works to be carried after each operation and as a result, 
completely eliminating the failure costs. There are many important management 
implications illustrated in all the examples presented in this chapter. First, quality costs are 
very large when quality activities time window is sacrificed to reduce the total cycle time. 
Secondly, failure costs are very large and managers should completely avoid these costs 
since there is no trade off that exists with these costs. Another important issue is the fact that 
using simulation to measure and understand cost of quality has provide managers with 
opportunity to rank their process in terms of cost of quality and the cost consequences that 
resulted from adopting a specific set of strategies . 
7. Conclusions 
In this chapter, an analytical model reported in the literature for cost of quality 
computations was considered and modified to include an important component of cost of 
quality. The model is then used to develop a simulation model for a two-stage 
manufacturing system. Moreover, quality control strategies common in the manufacturing 
community were used in the simulation works to investigate their impact on cost of quality. 
The results indicate that some of these practiced strategies when combined with the 
detection periods will significantly increase cost of quality. Furthermore, the results indicate 
simulation works can be used to understand and measure cost of quality. An interesting 
venue for further research is to use simulation to investigate a real-industrial application to 
investigate the cost of quality; the authors are currently considering such idea. 
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